The distribution and time course of altered ce rebral metabolism following permanent focal ischemia was studied in rat using the 2-deoxyglucose (2DG) tech nique. Increased 2DG uptake preceded decreased 2DG uptake and infarction in the caudate putamen and cortex. Decreased 2DG uptake without infarction was observed for 72 h in thalamus and for 24 h in hippocampus (areas remote from the ischemic zones). This study supports the The cerebral metabolic events following ischemic injury are complex. Current evidence supports the concept that metabolic (Siesjo, 1984; Raichle, 1983) and structural (Simon et aI., 1984a; Petito and Pulsinelli, 1984) changes evolve during the postisch emic period. Moreover, alteration of these meta bolic changes by attenuating cell excitation via pharmacologic blockade of excitatory amino acid neurotransmitters may substantially attenuate the neuropathologic sequelae of ischemia (Simon et aI., 1984b; Swan et aI., 1988; Meldrum et aI., 1987).
The cerebral metabolic events following ischemic injury are complex. Current evidence supports the concept that metabolic (Siesjo, 1984; Raichle, 1983) and structural (Simon et aI., 1984a; Petito and Pulsinelli, 1984) changes evolve during the postisch emic period. Moreover, alteration of these meta bolic changes by attenuating cell excitation via pharmacologic blockade of excitatory amino acid neurotransmitters may substantially attenuate the neuropathologic sequelae of ischemia (Simon et aI., 1984b; Swan et aI., 1988; Meldrum et aI., 1987) .
The data regarding the role of excitatory amino acids in ischemia derive mainly from studies in global ischemia followed by reperfusion. We have recently suggested that the excitatory hypothesis of neuronal cell death in ischemia (Meldrum et aI., 1982) can be extended from global ischemia to focal ischemia (Simon, 1988) . This concept is supported by attenuation of infarct size with administration of concept of cell excitation as a pathophysiologic process in permanent focal ischemia. The time course of increased metabolism may demarcate the time window of opportu nity for the previously demonstrated attenuation of stroke size with inhibition of cell excitation by pharmacologic blockade of excitatory amino acid neurotransmission. Key Words: Rat-Focal ischemia-2-Deoxyglucose method-Glucose utilization-Ischemic sequence.
the nonselective glutamate antagonists kynurenate (Germano et aI., 1987) and the selective N methyl-D-aspartate (NMDA) competitive antago nist AP-7 (Simon et aI., 1988) in a permanent middle cerebral artery (MCA) occlusion model in rat. The noncompetitive NMDA antagonists have also been reported to be effective in attenuating focal isch emic injury in rabbit (George et aI., 1988) , and cat (Ozyurt et aI., 1988; Park et aI., 1988) .
Though excitatory amino acid antagonists may moderate ischemic injury, they might do so via pharmacological mechanisms that (a) could relate to decreasing neural excitation or (b) to some other unrelated mechanism. To test whether the excitato ry hypothesis of neuronal death is valid for focal ischemia, we proposed that increased neural exci tation and markers of this excitation should occur prior to the onset of infarction. We have used the 2-deoxyglucose (2DG) technique in this study as one possible marker of excitation in the minutes, hours, and days following irreversible focal isch emia. The 2DG method also provides regional res olution, which may be important as cell death could occur in regions where increases of 2DG uptake never occur following focal ischemia. This would contrast to regions that first increase 2DG uptake and then show evidence of decreased glucose me tabolism and infarction. Though increased 2DG up- take may reflect events other than increased cell excitation (as discussed below), such increases in 2DG uptake prior to infarction would be consistent with the excitatory amino hypothesis.
METHODS

Animal preparation
Sprague-Dawley male rats, weighing 350-400 g, were anesthetized with chloral hydrate (400 mg/kg, i.p.). The left femoral artery and vein were catheterized. Blood pressure and arterial blood gases were monitored. Ani mals were not ventilated, as spontaneous respirations were preserved and blood gases were normal (Table 1) . Body temperature was maintained at 37° ± O.soC with a thermistor-regulated heating pad. Under the operating microscope, the foramen ovale was opened, the MCA origin directly visualized, and the MCA coagulated from its origin to the olfactory tract (2.5 mm). The mean oper ation time was 25 min.
2-Deoxyglucose method
[14C]2-DeoxY-D-glucose (2DG) was administered as a bolus through the femoral vein in a dose of 16.7 ILCil100 g body weight dissolved in 0.3 ml 0.9% saline. Approxi mately 100 ILl of arterial blood was taken at 0, 15, and 30 s and 1, 3, 5, 7, 10, 15, 20, 25 , and 30 min after the 2DG injection. The blood was centrifuged and 25 ILl of plasma assayed for glucose using a YSI glucose analyzer and 10 ILl plasma counted on a Beckman scintillation counter.
Rats were killed with anesthetic, and their brains were removed and frozen in 2-methylbutane cooled to -30°C.
Twenty-micron-thick frozen coronal sections were cut se rially through the caudate-putamen and thalamus on a cryostat at -20°C, dried on a hot plate, and autoradio graphed on Kodak SB5 x-ray film.
Study groups
2DG was administered at various times following MCA occlusion: group 1, 5 min; group 2, 30 min; group 3, 60 min; group 4, 120 min; group 5, 240 min; group 6, 24 h; group 7, 72 h. There were five animals in each group. In groups 4 and 5, the anesthesia was supplemented by 100 mg/kg of chloral hydrate at 100 min after MCA occlusion. In groups 6 and 7, femoral catheters were removed after 90 min of physiological monitoring, the operative site closed, and the rats returned to their cages. Rats were given free access to food and water. Then, on day 1 or 3, 2DG was administered intravenously through catheters reinserted 30 min after chloral hydrate anesthesia (400 mg/kg i.p.).
Relative optical density
Coronal sections through the midportion of the cau date-putamen and through the midportion of the thala mus were examined in each animal (Fig. 1) . Optical den sities on autoradiographs were measured in areas of isch emic injury detected on hematoxylin-eo sin-stained sections obtained 72 h following MCA occlusion. Be cause of the evolution of the 2DG metabolic changes in caudate-putamen and cortex, the caudate-putamen was divided into lateral and medial portions and the cortical mantle was somewhat arbitrarily subdivided into dorsal cortex (anterior cingulate cortex), lateral cortex (motor sensory cortex), and ventral cortex (olfactory cortex).
Optical densities from calibrated standards and in isch- emic areas were measured and converted into nanocuries per gram with a video camera/computer based (Dr. Peter Ramm, Canada) imaging analysis system (see Sharp et aI. , 1988) . The nanocuries per gram are measured in at least 15 separate subregions of each area of interest for each side of brain in eight separate sections. The average number of nanocuries per gram for each structure is di vided by the average number of nanocuries per gram of six sections through all of the whole cerebellum. Such ratios are nearly linearly related to local cerebral glucose utilization values in our work. The ratios for each area of interest were then plotted for caudate-putamen ( Fig. 2a) , cortex ( Fig. 2b) , and ipsilateral and contralateral hemi sphere, hippocampus, and thalamus ( Fig. 2c) . Local cerebral glucose utilization (LCGU) was also cal culated for each animal in medial and lateral caudate putamen (Table 2 ) and in dorsal, lateral, and ventral cortex ( Table 3 ). The formula published by Sokoloff et aI. (1977) was used. LCGU was also recalculated for each region using the modifications during ischemia suggested by Ginsberg and Reivich (1979) and also those recently sug gested by Nakai et aI. (1988) (Tables 2 and 3) .
Regional cerebral blood flow ( Fig. 3 ) was measured in five rats (30 min after MCA occlusion) using the [14C]iodoantipyrine autoradiography described by Sakurada et aI. (1978) . The tracer was injected intrave nously over 30 s, during which arterial blood samples were collected at 5-s intervals. At 30 s, the blood circu lation was arrested by decapitation. The brain was re moved as fast as possible, frozen in 2-methylbutane ( -35°C), and sectioned (20 /lorn) on a cryostat ( -20°C). Sections were autoradiographed as described above for the 2DG method. Regional cerebral blood flow was cal culated using a blood-brain partition coefficient of 0. Sokoloff et al. (1977) and the modifications suggested by Ginsberg and Reivich (1979) and Nakai et al. (1988) 7.2 ± 3.3 5.7 ± 1.6 2.5 ± 1.8 6.1 ± 2.0 6.3 ± 4.2 2.1 ± 1.6 Sokoloff et al. (1977) and the modifications suggested by Ginsberg and Reivich (1979) and Nakai et al. (1988) Lt. Dorsal
Method of Sokoloff et al. (1977) Iodoantipyrine concentrations were measured in discrete regions as described above.
RESULTS
The physiological variables for all groups (1-7) at each time point following ischemia are listed in Ta ble 1. Arterial blood gases, blood pressure, and blood glucose were very similar in all groups prior to stroke (Table 1) , although these variables changed at each time point after stroke.
Areas of infarction were evaluated on hematoxy lin-eosin-stained sections at 72 h. The infarcted area corresponded nearly identically to the areas of cortex and caudate-putamen that demonstrate ex tremely low 2DG accumulation at 240 min, 24 and 72 h (Fig. Ie and t) .
The 2-deoxyglucose (2DG) data showed definite differences between groups (Tables 2 and 3, Fig. O . Group 1 subjects (5 min) showed marked decreased 2DG uptake in olfactory cortex, white matter, and lateral caudate-putamen (CP), increased 2DG up take in the medial part of lateral CP and lateral neo cortex, and slightly decreased 2DG uptake in dorsal motor/sensory cortex ( Fig. Ia and b) . Group 2 sub jects (30 min) also showed marked decrease of 2DG uptake in olfactory cortex as did all subsequent groups 3-7 (Fig. Ic-f) . Group 2 subjects also showed patchy increases of 2DG uptake in medial and lateral CP. Dorsal and lateral cortex showed patchy or columnar increases of 2DG uptake which was greater for the lateral neocortex on the in- farcted compared to uninfarcted sides (Fig. 2b ), but on average was similar on the two sides in the dor sal cortex (Fig. 2b) . Group 3 subjects (1 h) showed marked decreases of 2DG uptake in medial and lateral CP (Figs. Ic and 2a), which persisted in all subsequent groups (Fig. Ic-t) . A rim of increased 2DG uptake sur rounded the region of very low 2DG uptake in me dial CP which was apparent in Group 3, Group 4, Group 5 (4 h) and possibly Group 6 (1 day) (Fig.  Ic-t) . This rim corresponded to a rim of increased cerebral blood flow seen at 30 min after MCA oc clusion ( Fig. 3a and b) .
Group 3 subjects also demonstrated increases of 2DG uptake in middle, lateral, and dorsal cortex ( Fig. Ic and d) . Group 4 (2-h) subjects had de creased 2DG uptake in dorsal, middle, and lateral cortex. The LCGU values of group 4 animals (120 min) were lower than those of group 3 because of adding chloral hydrate at the time of 100 min after MCA occlusion (Table 2 ). Group 5 subjects (4 h), however, had decreased 2DG uptake in dorsal, mid dle, lateral, and olfactory cortex ( Fig. Ie and t) which persisted for 72 h in all subjects.
Areas that were not infarcted also showed changes of 2DG uptake. 2DG uptake decreased in ipsilateral thalamus in most groups (Figs. Ib and d and 2c) from 5 min to 7 days. 2DG uptake also decreased in ipsilateral dorsal hippocampus in Groups 2-4 subjects (30-120 min; Figs. Ib, d, and f and 2c). 
DISCUSSION
Following permanent MCA occlusion, increases of 2DG uptake occur in most regions within the distribution of the MCA which subsequently show decreases of 2DG uptake and evidence of infarc tion. The increases occur earliest in caudate putamen, white matter, and later in neocortex. This hypermetabolism persists for less than 4 h following the MCA occlusion. One explanation for the ob served increased 2DG uptake is that increased cell activity occurred in these regions associated with release of excitatory neurotransmitters including excitatory amino acids. This explanation would be consistent with previous suggestions that following stroke some brain regions die due to release of en dogenous excitatory amino acids, and that antago nists of excitatory amino acids can ameliorate this process and decrease infarction size (Germano et aI., 1987) .
Increased 2DG uptake also occurred in contralat eral cortex during the first 5-60 min following ipsi lateral MCA occlusion (Tables 2 and 3 ). This could be explained by the release of excitatory amino ac ids from ischemic brain.
Although no single autoradiograph of any subject in our series shows hypermetabolism in all struc tures destined for infarction, all brain regions at risk for infarction in a group of animals show definite hypermetabolic changes at particular times. Un equivocal proof that in every subject every part of a particular structure is always hypermetabolic prior to infarction would require continuous monitoring of glucose utilization in each brain region in each J Cereb Blood Flow Metab, Vol. 9, No.6, 1989 animal prior to infarction. Such longitudinal studies are not possible with an autoradiographic technique sampling single points in time. Nonetheless, we do suggest that hypermetabolism preceding hypome tabolism and infarction is the most likely explana tion of our data.
LCG U was calculated for each region of cortex and caudate-putamen destined for infarction (Ta bles 2 and 3). As the exact values for the kinetic constants kl' k2' and k3 in ischemic cortex are a matter of dispute, the LCGU was calculated using the original Sokoloff et ai. (1977) equation as well as the suggested modifications of Ginsberg and Reiv ich (1979) , and Nakai et ai. (1988) . Moreover, since the effects of the MCA occlusion were variable in different regions, absolute LCGU values may be impossible to calculate for all regions. Data are therefore also presented as ratios between areas of ischemia and the cerebellum (Fig. 2a--c) . The data, therefore, must be reviewed in a qualitative fashion, but nonetheless support the concept that increased glucose utilization precedes decreased utilization and infarction.
Importantly, we do find one area of cortex, the lateral olfactory and piriform, that never shows hy permetabolism following MCA occlusion. This find ing agrees with several previous studies that imply that the ischemic core is never hypermetabolic, al ways becomes hypometabolic, and always shows evidence of infarction (N edergaard et aI. , 1988; Prado et aI. , 1988) . The reason why we find only a small region of ventral cortex that always remains hypometabolic and becomes infarcted, whereas others have reported much larger regions that re-main hypometabolic, is likely related to method ological differences in the production of MCA oc clusion. Our method is a modification of the Tamura method and involves occlusion of only the origin of the MCA and the medial and lateral len ticulostriate arteries, thus permitting collateral cir culation through the preserved distal MCA (Tamura et aI., 1981) . Our technique also results in little vari ability in infarct size, permitting the use of multiple animals to study metabolic events at multiple time points. Further, the model does not compromise blood pressure or respiratory function, does not re quire intubation and tracheostomy, and subjects the animals to a minimum of stress. [Note the small changes in plasma glucose concentration following MCA occlusion (Table 1 ).]
The zone of persistent hypometabolism is impor tant from another standpoint as well. If hypometab olism reflects cell activity, this would suggest that the lateral olfactory and piriform cortex die via pro cesses unrelated to excess excitation. It is also pos sible that the zone of marked hypometabolism re ceives little or no blood flow so that the free 2DG tracer cannot be delivered to the tissue. If tracer delivery is the problem, then regions of low 2DG uptake would reflect low blood flow rather than the glucose metabolic rate of the tissue. Very low blood flows in the ischemic core of rat MCA infarctions have been recorded (N edergaard et aI., 1988) . Our own preliminary blood flow studies document very low local cerebral perfusion in the ventral lateral cortex in our model ( Fig. 3a and b) , leaving the question of the metabolic fate of these regions dur ing the process of infarction undefined. Several studies have previously described an in termediate zone of increased cerebral glucose utili zation between normal and infarcted brain (Neder gaard and Astrup, 1986; Nedergaard et aI., 1988) . The significance of the increases of 2DG uptake in the MCA distribution and in the intermediate zone surrounding the ischemic core in these studies is incompletely understood. Many studies in normal mammalian brain have demonstrated a direct cor relation between neuronal activity and cerebral glu cose utilization. Focal cortical seizures (Collins et aI., 1976) and focal cortical stimulation (Sharp, 1984; Sharp et aI., 1988) increase glucose metabo lism in cortex, basal ganglia, thalamus, and many other regions. Whether increased cell activity oc curs in ischemic regions is less clear, however. Ne dergaard and Astrup (1986) demonstrated recurrent DC potential deflections in the first hours following MCA occlusion. In the absence of DC depolariza tions, no changes in 2DG uptake occurred, and changes in DC potential were correlated with increased 2DG uptake. The same results were dem onstrated by these authors using 2 M KCI to pro duce cortical depolarization. The question arises whether cell activity per se or continued cell depo larization might correlate with the increases of 2DG uptake observed. propose that cell excitation may not be the cause since rats that sustained MCA strokes and in which electrocerebral EEG silence was produced by bar biturate coma still had zones of glucose hyperme tabolism similar to those of nonbarbiturate-treated animals. They propose that the massive release of intracellular potassium produced during the MCA occlusion results in continued depolarization of neurons and continued ion pumping in neurons and potassium pumping of glia, both of which could ac count for increases of glucose metabolic rate in the ischemic tissue. However, barbiturates are poor an tagonists of cell excitation at the NMDA excitatory amino acid receptor, the generally accepted site of action of cell excitation in ischemia (Rothman and Olney, 1987; Choi, 1988) . We have preliminary data in focal ischemia using CGS 19755, a potent NMDA antagonist, demonstrating attenuation of infarct size and regional 2DG uptake following MCA oc clusion except in the ischemic core (Simon et aI., 1989) .
It is still possible, however, that excitatory amino acids might be released in excess amount following ischemia, act on postsynaptic receptors to continu ously depolarize cells, but do so without an actual requirement for cell firing, with glial metabolism be ing increased to metabolize the excitatory amino acids. These processes would both result in in creased cerebral glucose utilization. In fact, in creases of 2DG uptake might reflect metabolic in creases related to metabolism of excess excitatory amino acids, pumping of excess potassium, and ionic pumping of neurons and glia related to contin uous depolarization.
Other explanations for the increases of 2DG up take should also be considered. Motor neurons in crease 2DG uptake following axotomy presumably due to increases of protein and other macromolec ular synthetic energy requirements (Gonzalez et aI., 1987) . This would seem to be an unlikely explana tion for glucose metabolic increases in ischemic neurons and glia that will soon die. Glucose uptake might also increase in response to a shift toward anaerobic metabolism. If oxygen but not glucose delivery were limited, the brain would not be able to utilize the Krebs cycle effectively. The shift to pro duction of lactate from glucose would result in many fewer ATP molecules per glucose molecule, which might be compensated for by increases of glucose uptake and lactate production. A last pos sibility that the increased tracer uptake represents unphosphorylated 2DG seems unlikely, but cannot be ruled out.
The differences in the times at which various re gions become hypermetabolic is also of interest since this might provide some insight into possible therapeutic approaches if the mechanisms for the increases are assumed or become known. More over, the time course of the changes could delineate the window of opportunity for attenuation of isch emic injury by pharmacological agents that inhibit excitatory amino acid neurotransmission; affect po tassium, calcium, or other ion pumping; or affect anaerobic metabolism and acidosis. Increased glu cose metabolism occurs in lateral caudate putamen, medial caudate-putamen, and lateral cor tex, which decreases below normal by one hour after the MCA occlusion. The zone of hyper metabolism delineating normal and infarcted tissue, however, can be observed for 1 to 2 h following the MCA occlusion. If hypermetabolism reflects cell excitation, our data suggest blockade of cell excita tion should be performed prior to 60 min after stroke to be effective for ischemic cortex and cau date-putamen. This concept is supported by the few data available. Inhibition of cell excitation by pharmacological blockade of glutamate recep tors using kynurenic acid resulted in attenuation of infarction in both basal ganglia and cortex when the drug was administered at the time of MCA oc clusion, but not when delayed for 60 min following the occlusion (Germano et ai., 1987) . Pharmaco logical blockade of excitatory amino acid neuro transmission at the NMDA-glutamate receptors us ing AP-7 decreased infarction size when adminis tered 15 min following MCA occlusion (Simon, 1988) .
In conclusion, these data showing hypermetabo lism in lateral cortex and much of caudate-putamen following MCA occlusion are consistent with the hypothesis of excitotoxic cell death following focal ischemia and, moreover, predict that therapeutic in tervention should be performed within 1 h of stroke to protect regions destined for infarction. The per sistent hypometabolism seen in the ventral cortex leaves open the possibility that other mechanisms of injury may also be operative during focal isch emia. Furthermore, the metabolic changes in con tralateral cortex and in ipsilateral hemispheric structures remote from the ischemic area suggest widespread effects in brain of focal ischemic injury.
